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Prolific electron-positron pair production is possible at laser intensities approaching 1024 Wcm−2
at a wavelength of 1µm. An analysis of electron trajectories and interactions at the nodes (B = 0) of
two counter-propagating, circularly polarised laser beams shows that a cascade of γ-rays and pairs
develops. The geometry is generalised qualitatively to linear polarisation and laser beams incident
on a solid target.
High-power laser facilities have made dramatic
progress recently, and the next few years may bring in-
tensities of 1023–1024Wcm−2 within reach. This natu-
rally opens up new physics regimes [1, 2]. The relativis-
tic Lorentz factor of an electron oscillating in vacuum
in the electromagnetic field of a planar linearly polarised
laser beam is 860
(
I24λ
2
µm
)1/2
where I24 is the laser in-
tensity in 1024Wcm−2 and λµm is the laser wavelength
in micron. The corresponding peak electric and mag-
netic fields are 2.7× 1015I1/2
24
Vm−1 and 91I
1/2
24
GG. The
Schwinger field Ecrit = 1.3×1018Vm−1 required for spon-
taneous electron-positron pair creation out of the vacuum
would be attained at a laser intensity of 2.3×1029Wcm−2
[3, 4]. Although this interesting regime is still far beyond
projected laser intensities, several other strong-field QED
effects will soon be accessible to experiment. In this Let-
ter we show how copious pair production by accelerated
electrons interacting with the laser field can be achieved
using laser intensities ∼ 1024Wcm−2. The key is to ex-
ploit the large transverse electromagnetic field seen by
an electron when it experiences laser beams that are not
propagating in parallel. We illustrate this effect by com-
puting the case of counter-propagating, circularly polar-
ized beams. The advantage offered by this configura-
tion is analogous to the dramatic increase in centre-of-
mass energy when using colliding particle beams instead
of stationary targets. We argue that this advantage re-
mains in less specific configurations such as tight focus
and reflection from a solid surface. Consequently, it may
be possible to convert a large fraction of the laser en-
ergy into electron-positron pairs at a laser intensity of
∼ 1024Wcm−2 at approximately solid plasma density.
Relativistic electrons with Lorentz factor γ moving
perpendicular to a homogeneous magnetic field B pro-
duce pairs if γB/Bcrit is greater than or of the order
of unity, where, Bcrit = 4.414 × 104GG is the magnetic
equivalent of the Schwinger field Ecrit. The cross-sections
for this and other relevant processes are well-known [5]
and of interest also in astrophysics [6]. Provided the
electron trajectory can be approximated classically, these
rates, when computed in a frame in which E×B = 0, are
functions of the electric and magnetic fields only in the
combination E2+B2 [7, 8]. Therefore, in a homogeneous
electric field eˆE, pair production occurs if the parameter
η =
γE sin θ
Ecrit
(1)
is of order unity or larger, where θ is the angle between
the electric field and the electron momentum. Pair pro-
duction by the trident process in which the electric field
is provided by a high-Z nucleus and the Lorentz factor by
accelerating electrons in the laser field, has already been
observed, but the process is relatively inefficient, and the
yield achieved was 10−4 positrons for each fast electron
[9, 10, 11]. Electron-positron pairs have also been pro-
duced by colliding 46.6GeV electrons from a linear accel-
erator with an opposing laser beam, but this produced a
relatively modest number of pairs [12].
In a strong electromagnetic wave in vacuum, the
Lorentz factor of an electron oscillates about a value
roughly equal to the strength parameter of the wave
a =
eEλ
2pimc2
= 8.4× 102 (I24λ2µm)1/2 (2)
[13], so that η in Eq. (1) is approximately 1.7I24λµm.
This looks promising at first sight. However, Eq. (1)
assumes that eE sin θ is the component of the particle’s
acceleration perpendicular to its velocity, which is not the
case in a laser field. In reality, an electron that is picked
up by a single laser beam at initially low energy in the
laboratory is accelerated on a trajectory that severely
reduces the effective value of η below that in Eq. (1),
because the electric force is almost precisely cancelled by
that exerted by the magnetic field.
This can be understood in a way that brings out the
analogy with particle accelerators. In a plane electromag-
netic wave in vacuum a charged particle has a periodic
trajectory in one special frame of reference (ignoring for
the moment radiation reaction) [13]. This frame can be
2called the zero momentum frame (ZMF). In it, all of the
particle’s phase-space variables are strictly periodic at
the period of the wave, independently of its polarisation
and waveform, and the particle energy oscillates around a
value γmc2 ≈ amc2. In this frame, the electric and mag-
netic forces do not, in general, cancel, and the perpendic-
ular component of the acceleration is well-approximated
by eE′, where E′ is the field strength of the wave mea-
sured in the ZMF. Thus, the importance of strong-field
QED effects, such as pair-creation is indeed determined
by the parameter η, as defined in Eq. (1), but computed
in the ZMF, i.e., η ≈ aE′/Ecrit. In the case of a single
laser beam hitting a particle at rest, the ZMF does not
coincide with the lab. frame, because the particle recoils.
In fact, the ZMF moves in the direction of propagation of
the laser beam with a velocity corresponding to a Lorentz
factor equal to a [13]. The laser frequency in the ZMF
is thus red-shifted compared to the lab. frame. Because
the strength parameter a is a Lorentz invariant, the re-
duced wave frequency in the ZMF implies a reduced am-
plitude of the wave field: E′ ≈ E/a. Consequently the
(Lorentz invariant) criterion for the importance of strong
field QED effects becomes aE′/Ecrit ≈ E/Ecrit > 1. In
other words, by using a single laser beam, the advan-
tage gained over pure vacuum effects by the relativistic
oscillation of the electron is lost.
This is a consequence of the dual roles of accelerator
and target that are played by the laser beam. If the elec-
tron, instead of being initially at rest, is initially moving
with a Lorentz factor γinit that is much larger than the
strength parameter of the laser beam, as in the experi-
ment of Burke et al. [12], the ZMF moves with almost
the speed of the electron, and η ≈ γinitE sin θ/Ecrit. The
initial Lorentz factor of the electron contributes to the
threshold condition, but the Lorentz factor due to oscil-
lation in the laser field does not. In this case the laser
plays only the role of the target.
However, as in the case of intersecting particle beams,
the situation can be rescued if counter-propagating laser
beams are employed. Then the ZMF coincides with the
lab. frame, and the importance of strong field QED is
again determined by Eq. (1). A similar benefit is gained
with a laser beam in tight focus — which can be de-
composed into obliquely propagating plane waves — or
with a beam in which a standing wave is set up when the
laser encounters a dense plasma. Experimentally, some
of the most promising cases involve laser-solid interac-
tions, but the analysis of these is complicated. Instead,
we consider the theoretically simple case of pair produc-
tion at the nodes (B = 0) of two counter-propagating
circularly polarised laser beams of equal intensity. The
argument can then be qualitatively generalised to laser-
solid interactions. Strong-field QED effects at the nodes
of counter-propagating waves have been considered previ-
ously [14, 15], but only for a vacuum in which the thresh-
old condition relates to E rather than γE.
Classically, the electron equation of motion, including
radiation reaction according to the Landau & Lifshitz
prescription [16], is
d(γβ)
dt
= − e
mec
(E + β ×B)−
2e4γ2
3m3c5
β |E + β ×B|2
⊥
(3)
The terms that have been omitted here are of order γ−2.
The final term of eq. (3) represents the drag and energy
loss due to radiative emission, to which pair production
is related, and is proportional to the square of that com-
ponent of the Lorentz force E + β ×B perpendicular to
β. In the case of a planar uni-directional wave, the re-
duction in the electric field in the ZMF is equivalent to
the near cancellation of E with β ×B in the laboratory
frame.
Two counter-propagating laser beams produce a stand-
ing wave with nodes at which B = 0 and the electric field
rotates in direction with constant amplitude. By symme-
try, an electron placed exactly at the node does not move
in the direction of the waves, but performs circular mo-
tion with the centripetal force provided by the electric
field. The equation of motion (3) then simplifies to
d (γβ)
dt
=
eE
mc
{
−eˆ− 2
3
βγ2
E
Ecl
[
1− (β · eˆ)2
]}
(4)
where eˆ is the unit vector in the direction of the elec-
tric field and we have defined the characteristic value
Ecl of the electric field in classical electrodynamics:
Ecl = m
2c4/e3 = Ecrit/αf (αf is the fine-structure con-
stant). As can be seen from Eq. (4), the radiation re-
action force becomes important when γ2E/Ecl ∼ 1, i.e.,
η ∼ (γαf)−1, a situation that is reached at laser inten-
sities ∼ 1023λ−4/3µ Wcm−2. The Landau & Lifshitz pre-
scription for the radiation reaction term is valid up to
η ≈ 1/αf [17] but quantum effects already intervene at
η ∼ 1 [5].
Within a small fraction of a laser period, the electron
trajectory described by Eq. (4) adjusts itself such that the
component of electric field parallel to β precisely com-
pensates the radiative losses, whilst the perpendicular
component enforces circular motion at the laser period,
with Lorentz factor γ = a sin θ. Combining these, and
using the definition (1) of the threshold parameter we
can express E in terms of η. In an underdense plasma,
the total electric field E is related to the intensity I of
each laser beam (separately) by I = cE2/(16pi), which
gives
I24 = 2.75η
4 + 0.28 (η/λµm) (5)
This relation is plotted in Fig. 1 for a laser of wave-
length 1µm. In terms of these parameters, sin θ =
0.53
√
η (I24λµm)
−1/2
— at low intensity, the particle
3FIG. 1: The parameters η and χ — see Eqs. (1) and (7) —
controlling the importance of electromagnetic conversion by
the accelerated electron and its curvature photon respectively,
as a function of laser intensity, for a laser wavelength of 1µm.
Also plotted are the optical depth τ of the curvature photon
across one wavelength, the number N± of pairs produced per
electron in one laser period by both this process and by that
of pair production by the trident process — labelled τtr, and
the number Nγ of curvature radiation photons produced per
electron per laser period.
moves almost exactly perpendicularly to E and η rises
linearly with the laser intensity. However, when radia-
tion reaction becomes important, this rise is slowed, and
η = 1 is not achieved until I24 = 3. The photons radiated
because of the acceleration of the electron in the electric
field of the laser — which we term curvature radiation
[19] — can be described classically using the theory of
synchrotron radiation. This predicts that most radiated
photons are emitted with an energy
hνs = 0.44ηγmc
2 (6)
where γmc2 = 328
√
ηλµmMeV is the energy of the rel-
ativistic electron. Because of quantum effects analogous
to the Klein-Nishina corrections to the Thomson cross-
section[5, 18], the radiative energy loss does not proceed
in the continuous manner implied by Eq. (4) when η > 1
and I24 ≫ 1. Neverthless, the classical trajectory is
an adequate approximation in the intensity range 1023–
1024Wcm−2, which is of interest here, since the photon
energy is significantly less than the electron energy.
However, other important quantum effects are al-
ready present at intensities in this range. There are
two processes that produce electron-positron pairs. At
low laser intensities, the trident process dominates, in
which an electron produces an electron-positron pair
via an intermediate virtual photon. In a homoge-
neous electric or magnetic field (a good approxima-
tion when λlaser ≫ h/mc = 2.4 × 10−6µm) the rate
is given by [5, 8]. Expressed as a production rate
per electron per laser period, it can be written τtr =
0.06
(
I24λ
2
µm
)1/2
η1/4exp
(−8/√3η) for η ≪ 1, and, for
η > 1, it goes over to a slow logarithmic increase. The
precise form is plotted in Fig. 1.
At higher intensities, the related process becomes im-
portant, in which the electron first produces a real pho-
ton by curvature radiation, which subsequently creates
a pair. However, to compare this to the trident process
one must specify the distance over which the real pho-
ton is permitted to undergo conversion: if this is large,
all photons will convert into pairs, whereas if it is very
short, none of them will. The two processes are almost
equal in rate if, at η ≈ 1, the distance is chosen to be
(~/mc)(Ecrit/E) = 1.3 × 10−4I−1/224 µm [5]. However, in
reality, this length is determined by the size of the region
in which the laser beams overlap, which we conservatively
assume to be λlaser. This gives the process that involves a
real photon as intermediary a substantial advantage. An
additional, though less important, advantage arises be-
cause the propagation direction of the photon does not
rotate, and, therefore, the perpendicular component of
electric field it experiences is ∼ E, rather than E sin θ.
The absorption coefficient is controlled by the parameter
χ =
hνsE
2mc2Ecrit
(7)
From Eq. (6) and writing E in terms of I24, χ =
0.42η3/2
√
I24λµm and this function is plotted in Fig. 1.
The photon optical depth to absorption in a path length
λlaser is τ = 12.8
(
I24λ
2
µm
)
exp [−4/ (3χ)], for χ ≪ 1,
peaking at χ ≈ 8 and falling off for larger χ [5]. It is
also plotted in Fig. 1. The total pair-production rate
per electron per laser period is the product of the pho-
ton absorption probability 1− exp (−τ) in a length λlaser
multiplied by the rate of production of photons by curva-
ture radiation. This quantity, together with the number
of curvature radiation photons emitted per electron per
laser period (i.e., the energy radiated divided by hνs):
Nγ = 6.42αfγ is also shown in Fig. 1.
Inspection of this figure shows that for laser intensities
less than roughly I = 3.3×1023Wcm−2, where η = 0.51,
pair production is dominated by the trident process. At
this intensity, each electron in the zone where the laser
beams overlap produces on average 3×10−5 pairs in a sin-
gle laser period. The curvature radiation energy losses,
which are 123 kW per electron, dominate over pair pro-
duction. They are sufficient to damp the laser beams in
1.8n−1
23
fsec where n23 is the electron density in 10
23 cm−3.
The total number of pairs produced in the absence of
other energy losses is 7× 104 per Joule of laser energy.
4At intensities above I = 3.3× 1023Wcm−2, the num-
ber of pairs produced by photon-induced pair production
rises steeply. These pairs are also accelerated and gen-
erate additional photons and pairs. A cascade should
develop when N± ≈ 1, which occurs at I24 ≈ 1 and
η ≈ 0.7. At this intensity, the laser power should be
divided roughly equally between photons and pairs with
energy ∼ 80MeV per photon and per pair. This process
is not sensitive to the number of electrons initially in the
interaction region. Complete conversion of laser energy
to photons and pairs implies the production of ∼ 4×1010
pairs per Joule of laser energy. The precise conditions un-
der which a cascade is initiated are, however, sensitive to
geometrical effects related to the intersection angle and
the intersection volume of the laser beams.
For simplicity of analysis we have assessed pair-
production at the nodes of counter-propagating circu-
larly polarised waves and found that the condition for
pair production is aE⊥ > Ecrit where a is the strength
parameter, roughly equal to the Lorentz factor of an elec-
tron oscillating in the electromagnetic wave. This con-
trasts with the much higher threshold in the case of an
electron overtaken by a planar uni-directional wave. The
uni-directional plane wave is a special case, and the con-
ditions for prolific pair-production should be met at laser
intensities ∼ 1024Wcm−2 away from the node or when
the polarisation is not circular, although the analysis is
more complicated and numerical factors of order unity
will change the exact quantitative result. Conditions for
pair production may also occur at similar laser inten-
sities for a single laser beam incident on an overdense
solid target. The incident and reflected laser beams form
counter-propagating waves. Even if the laser beam is
substantially absorbed rather than reflected, the electric
field swells as the wave passes into the plasma and the
phase velocity differs from the speed of light so that E
and β×B are unlikely to cancel as in the uni-directional
case. Furthermore, if the laser beam is in tight focus, as
required for the highest intensities, it can be decomposed
into obliquely propagating plane waves. Another factor
favouring pair production is that the electrostatic field
required for quasi-neutrality at a solid surface stops the
electrons moving freely in the direction of laser propaga-
tion so that E and β×B once again cannot cancel, and
the laser is able to play the role of particle accelerator
and target simultaneously.
We predict that pair-production should be a standard
feature of laser-plasma interactions at intensities in the
range 3×1023−1024Wcm−2 at a laser wavelength of 1µm.
A significant number of pairs is produced at the lower end
of this intensity range and the number increases dramat-
ically when the intensity approaches 1024Wcm−2. At
intensities ∼ 1024Wcm−2 a cascade sets in, producing
an avalanche which efficiently converts the laser energy
into roughly equal numbers of pairs and γ-rays. These
predictions may be tested using high-power lasers in the
next few years.
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